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ABSTRACT 

Energy consumption varies greatly from building to building and from year to year. 
However, variations in energy consumption caused by a building's exterior envelope may 
be or may not be significant, depending on the behavior of other energy-related 
components in that bui lding. Understanding these energy-related factors may be achieved 
by comparing data from a diverse set of buildings. Toward this end, historical data of 
more than 50 existing institutional buildings were statistically analyzed in detail. 
The purpose was to explore major factors that create the most significant energy
consumption variations among buildings. A regression model for energy prediction, 
utilizing these factors, was constructed. The analysis indicated that the contribution 
to energy~consumption variation of exterior envelopes is much less than that of other 
factors. This finding implies that, for this set of buildings, the reduction of energy 
consumption through envelope improvement, relative to other factors, is not as 
significant as might be expected. Thus other, more influential factors should be 
analyzed carefully. Standards and guidelines for energy conservation should also 
emphasize these factors. 

INTRODUCTION 

Recognizing that the variation of energy consumption in buildings is not caused solely 
by the performance differences of the exterior envelope is essential. In fact, the 
amount of energy consumed in buildings is determined by the variations and interactions 
of three major fomponents: (1) the site/climate, (2) the building/systems, and (3) the 
user/operation. The interactions of these components and their elements are shown in 
Figure 1. 

Energy consumption varies from year to year in a single building, and each year among 
different buildings. Year-to-year variations in a building are largely the result of 
differences in climatic conditions, building users, and operating procedures of building 
systems. The variation from building to building can result from these factors, or may 
be caused by the unique design of site, building components and systems, or a 
combination of all of these factors. 

Clearly identifying the individual contribution of each factor is difficult. This 
difficulty is the result of the dynamic changes and interactions of all energy 
consumption factors within the building. The range of impact of each factor, however, 
can be estimated through a comparative analysiS of a large data set. 
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EXPERIMENTAl DESIGNS 

The research experiment in this study was performed through direct observation of more 
than 50 institutional buildings throughout the state of Michigan that have good metering 
records of energy consumption and corresponding historical data of building 
user/operation of at least one year. Within a limited data available, a sample was 
designed to cover climatic conditions ranging from the coldest in the Upper Peninsula to 
the warmest in the lower Peninsula. Observations within a single location was selected 
to represent the extremes of variables for other locations. This selection process was 
used to ensure the widest distribution possible for variables, within a limited data 
set. 

The institutional buildings included in the study were primarily offices, classrooms, 
laboratories, and shops. Many had been carefully studied before and after the energy 
crisis in 1974. After that crisis, changes aimed at energy conservation were made to 
many of those buildings. Studying the effect of the changes and still being able to 
compate energy factots among buildings required that each year of observation from one 
building was treated as one case, i.e., a building having 10 years of data was treated 
as 10 cases. This method of observation may create problems of nonindependency among 
cases, but this problem, proved to be insignificant2 for this particular application. 

In the data-collection process, previously discussed variables of the energy factors 
have been analyzed and assigned measurement values based on engineering calculations and 
intuitive judgements to determine which factors significantly affect building energy 
consumption. Through this process, each observation (case) contains more than 200 
energy factors or variables. 

CONSUMPTION MEASUREMENT 

Comparison was facilitated by converting all types of energy used in buildings to 
megajoules (MJ), e.g., 1 KWH of electricity = 3.6 MJ; 1 ft3 of natural gas = 1.08 MJ; 1 
lb of steam = 1.055 MJ. This method, however is biased toward the use of electrlcity 
which has the highest efficiency. The bias can be eliminated if all bui ldings using 
electricity for space heating and cooling are analyzed as a group, separately, but it 
did not occur in this data set. In the case of an energy-budgeting approach which 
aimed at the controlling of energy use in buildings, the weighted value for each type of 
energy, as suggested by Building Energy Performance Standards (BEPS),3 may be more 
appropriate. In this study, however, such an approach would introduce errors into the 
analysis. 

DATA NORMAlIZATION 

Energy consumption in each building was measured in megajoules per square meter of floor 
area (MJ/m2), a un i t common ly used in such stud les. Var i ab les of energy factors re 1 ated 
to the building description have been transformed to the same compatible measurement of 
floor area per square meter, e. g., glass area per square meter and 1 ight i n9 watt per 
square meter. Some variables, however should not be normalized to the "per square 
meter" unit, because the result would be a loss of meaning in interpretation. These 
variables are weighted instead by floor area or other factors that stabilized the 
variables to an equivalent comparative "per square meter" unit. Typical variables in 
this group include occupancy hours, equipment hours, and percentage of air conditioning. 
Other types of variables that are independent of building size, such as heating degree
days, can be used directly. 

ANALYSIS OF ENERGY CONSUMPTION 

Observed consumption measured by the method described varies from 837.6 MJ/m2.yr to 
8446.4 MJ/m2·yr; the mean is 2993.5 MJ/m2·yr. Variables that appeared to be prime 
candidates for use in studying the wide range of energy consumption have been used for 
longhand calculations. These variables include heating degree-days (V190), weighted 
average U-value (thermal transmission coefficient) of all surfaces, sigma U*A (V227), 
and sigma U*A* heating degree days (V233). In the correlation study, these variables 
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did not indicate a significant relationship to consumption. This finding does not imply 
that no relationship exists between these variables and the consumption. Instead, it 
indicates that perhaps the impact of other factors are much stronger than that of these 
variables or that something else in the data set caused such an unusual occurrence. 
Plotting analyses' of variables has been studied, two of which follow. 

Figure 2 plots energy consumption in MJ/m2.yr (V204) against Sigma U*A, and Figure 3 
displays plot of the consumption against Sigma U*A* heating degree-days. These two 
plots indicate a rather random pattern, meaning that bu; ldings having low values of 
these variables can have either low or high consumption. It must be noted that the 
discontinuous pattern in the plot )'esults from the lack of buildings in that range of 
consumpt ion. 

Further analysis has involved simulations of some buildings to study the profile of each 
variable and a detai led energy audit. Size of bui ldings in the data set is medium to 
large and many have internally dominated loads, which means that the impact of the 
exterior enve lope is less than in res ident i a 1 bu i ldings. Computer s imu lat ions of some 
buildings, reveal that the impact of the envelope was about 18 to 26 percent (opaque 
area, glass area, and infiltration) and some relationships exist between heating degree
days and U-value in the existing construction. It was found that in the upper part of 
the state, where the climate is colder and, thus, there are more heating degree-days, 
bu ild i ngs were buil t with lower U-values and, converse ly, bu ild i ngs in the warmer part 
often have higher U-value. When the U-value interacts ... lith the degree-days, which 
represents the cumulative yearly temperature differences between inside and outside 
results are quite uniform throughout the data set. Thus, this va)'iable did not show a 
strong pattern in the relationship to consumption. 

RELATIONSHIP OF ENVELOPE AND CONSUMPTION 

In addition to the val'iables of U-value and heating degree-days, other variables of the 
exterior envelope have been investigated. Examination of many other variables revealed 
that a simple correlation between a single variable and consumption, even though a very 
strong relationship may be indicated, does not sufficiently explain consumption 
variations in buildings, because energy consumption in buildings depends on complex 
interactions among variables. The Multiple Regression Model I consists of three 
variables of the exterior envelope that were selected from the data set: (l) opaque 
surface (V222.0SURFACE), (2) southern exposure of glass (V220.GLFACTOR), and (3) shading 
of building side in summer (V232 SUM. SHOE). 

Regression Model I 

SOURCE OF SUN SQRS NEAN SQR F-STAT SIGNIF 

REGRESSION 3 0.17203 +9 0.57342 +8 27.661 0.0000 
ERROR 229 0.47472 +9 0.20730 +7 
TOTAL 232 0.64675 +9 

MULT R = 0.51574; R-SQR 0.26599; SE = 1439.8 

VARIA8LE PARTIAL COEFF STD. ERROR T-STAT SIGNIF 

CONSTANT 3354.0 619.50 5.4141 0.0000 
222. OSURFACE 0.31606 2622.5 5?O.22 5.0413 0.0000 
220. GLFACTOR -0.33529 -26366. 4895.5 -5.3857 0.0000 
232. SUM. SHOE -0.22960 -705.66 197.67 -3.5698 0.0004 

As seen in Model I, these three val'iables form a definite relationship to consumption 
(significant level or SIGNIF of 0.0000). The model indicates that R-SQR = 0.26599, 
meaning that these three variables together explain up to 26.6% of the total consumption 
variation. Since these three represent the combination that best explains the 
consumption variation, it is possible to say these envelope components can explain, 
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roughly, about 27% of consumption variation in those buildings. Of course, fUrther 
analysis is needed before a more definite statement can be made. 

ENERGY PREDICTION MODEL 

A detailed analysis, exploring all possible variables in the data set that can best 
explain the consumption variation in buildings, has been done. The multiple regression 
analysis at this stage includes investigation of linear, non linear, and interaction 
models (see Regression Model II). The result of the model consists of 10 factors 
selected from more than 200 variables. These factors were used with the intention of 
maximizing the R-sQuare and maintaining the small standard error of the prediction as 
shown in Figure 4. They are considered to be the set of major factors that best explain 
most of the energy-consumption variation among hui ldings. (These factors are Quite 
independent.) The model has a significant level (SIGNIF) of "0.0000", meaning that these 
10 variables have a definite relationship to building energy consumption. The R-SQR of 
0.93838 indicates that up to 93.84% of the consumption variation can be explained by 
these factors. The standard error of 423.69 may mean that the predictability within 
±423.69 MJ/m2'yr is correct about 67% of the time (this percentage is derived from the 
area under the normal distribution curve, within 1 standard deviation). 

Regress ion Mode I I I 

ANALYSIS AT STEP 10 FOR 204.MJ/m2 'yr N = 233 OUT OF 233 

SOURCE OF SUM OF SQRS MEAN SQUARE F-STAT SIGNIF 

REGRESSION 10 0.60690 + 9 0.60690 + 8 338.08 0.0000 
ERROR 222 0.39851 + 8 0.17951 + 6 
TOTAL 232 0.64675 + 9 

MULTIPLE R = 0.96870; R-SQR = 0.93838; SE = 423.69 

VARIABLE PARTIAL COEFFICIENT STO.ERROR T-STAT SIGNIF 

CONSTANT -811. 56 186.00 -4.3633 0.0000 
901. SYS. 2.24 0.37886 495.04 81.161 6.0995 0.0000 
905.REF.1.12 0.27913 429.74 99.221 4.3312 0.0000 
906. FUTYP1.2 0.41787 641. 44 93.598 6.8531 0.0000 
143.AIREQ.HR 0.43307 0.9998 -1 0.1396 -1 7.1587 0.0000 
202.ELPSMHR 0.90113 7.3701 0.2379 30.968 0.0000 
214.FAN.L/s.W -0.44553 -0.6581 -3 0.8876 -4 -7.4148 0.0000 
215.AC%.COIO 0.52007 0.8286 -2 0.9133 -3 9.0724 0.0000 
222.0SURFACE 0.55683 1689.0 169.10 9.9882 0.0000 
231.WIN.SHOE 0.46706 1069.5 135.89 7.8702 0.0000 
232. SUM. SHOE -0.54635 -1128.0 116.06 -9.7192 0.0000 

REGRESSION OF 204.MJ/m2'yr USING FORWARD SELECTION 

STEP R-SQR STO.ERROR # VAR VARIABLE PARTIAL SIGNIF 

1 0.66355 970.55 1 202.ELPSMHR IN 0.81459 0.0000 
2 0.79056 767.42 2 215.AC%.COI0 IN 0.61441 0.0000 
3 0.84585 659.81 3 222.0SURFACE IN 0.51381 0.0000 
4 0.87518 595.03 4 906. FUTYP1. 2 IN 0.43618 0.0000 
5 0.88568 570.70 5 143.AIREQ.HR IN 0.29009 0.0000 
6 0.89766 541.18 6 905.REF .1.12 IN 0.32365 0.0000 
7 0.90578 520.41 7 901. SYS. 2.24 IN 0.28173 0.0000 
8 0.91321 500.58 8 232. SUM. SHOE IN -0.28083 0.0000 
9 0.92312 472.19 9 231. WIN. SHOE IN 0.33792 0.0000 

10 0.93838 423.69 10 214. LPS .. W IN -0.44553 0.0000 
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Application of the Model 

The energy 
analysis. 
equations: 

where: 

prediction model used in this study relies mostly on multiple regression 
The structure of the model can be simplified in terms of the following 

Y estimated energy consumption 

bO constant 

bl coefficient of variab Ie I 

XI measurement value of variable I 

bn coefficient of the last variable 

Xn measurement value of the last variable 

For a more complete discussion of multiple regression analysis, with supporting 
mathematical calculations, refer to the references found under "Multiple Regression 
Analysis" in the bibliography.)4,5 

Based on the above regression model, the energy prediction equation (in MJ/m2'yr) can be 
constructed as follows: 

Energy Consumption (MJ/m2'yr) - SII.6 + 495(V901) + 429.7(V905) 

+ 641.4(V906) + 0.099(VI43) 

where V901 Dummy variab le, 
(Value = 1 when 
and/or reheat. 

+ 7.37(V202) 0.00066(V214) 

+ 0.0083(V215) + 1689(V222) 

+ I069(V231) 112S(V232) 

system type 2.24 
system type is dual duct 
Otherwise, value = 0) 

and/or multizane 

V905 Dummy variable, refrigeration type 1.12 
{Value = 1 when refrigeration type is steam absorption; 
Value = OJ otherwise. 

V906 DUnlny variab Ie, fuel type 1.2 
(Value = 1 when fuel type is gas and/or oil; 
Value = 0; otherwise 

V143 Number of hours per year air equipment is used 

V202 (Exhaust air in L/s.m2) * (% of fans are used) 

V214 Supply air in L/s per watt of supply and return fans 
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V2l5 (percent air conditioning) * (cooling degree day, 10'C base) 

V222 Opaque surface / m2 

V231 Average level of shading on building sides in winter; Values 
range from J to 5 where 1 = minimum shading and 5 = complete 
shading 

V232 Average level of shading on hui lding side in SUCJll1er; Values range 
from 1 to 5 where 1 = minimum shading and 5 = complete 
shading 

These factors, which create significant energy consumption variation from building to 
building, can be arranged in ot'der of importance: 

1. High energy consumption may be caused by a large volume of exhaust air. Exhaust 
air, in this case, is defined as the minimum equivalent fresh air in LIs . m2 
(V202) multiplied by the percentage of exhaust fans operating. 

2. Major reductions in energy use can be achieved by decreasing the percentage of air
conditioned area (VI44) and the nur)lber of cooling degree-days, using 10'C (50'F) as 
a basic temperature (V215). The cooling-degree-days base, however, is a climatic 
element hardly that can be modified. The impact from this factor, then, depends 
primarily on the percentage of floor area cooled by the air-conditioning system. 

3. The size of a bullding's opaque envelope surface (V222) can also affect energy 
consumption. The measurement parameter used to standardize this factor is the 
ratio of the opaque area to the floor area. Reducing this ratio lowers energy 
consumption, keeping the floor area constant. 

4. A building using gas or oil as a fuel source (V906) 
more energy than a building using supplied steam. 
varying efficiencies of the energy sources. 

will generally use 641 MJ/m2'yr 
This difference is due to the 

5. A more intense use of air handling equipment (V143) can also increase consumption. 

6. 

Some buildings operate air eqUipment longer than do others, resulting in higher 
energy consumption. 

Buildings using steam absorption for refrigeration (V905) will use about 430 
MJ/m2 'yr more energy than will other buildings. 

7. A building furnished with an air-handling system type 2.24 (V901) will, on average, 
use about 495/MJ/m2 'yr more energy than will others. (An air-handling system type 
2.24 is defined as one that requires a combination of heating and cooling energy to 
control a supply-air temperature, such as dual duct, multizone, and reheat 
systems).6 

B. Decreasing shading on the building envelope (V231) reduces the amount of energy the 
building uses in winter. The level of shading is defined as the weighted average 
value obtained from the east, passing south, to the west side of the building. The 
level is scaled from 1 to 5, where 1 is the minimum value and 5 is the maximum 
possible vlaue of the shading areas. 

9. Increasing the shading on building sides (V232) reduces the energy the building 
uses in summer. (The definition of the level of shading here is identical to that 
stated in item 8). 

10. Energy consumption can be reduced by lowering the ratio of liters per second per 
watt of fan energy (V214). This factor is the measurement of the quantity of 
supply air that can be pushed by using I watt. 
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Four more factors seem to explain a moderate energy variation among buildings; however, 
these factors are not as important as the preceding 10, but they should be discussed. 

They are: 

11. Occupancy hours per year (VI45) has some effect on energy consumption. The greater 
the total occupancy per year is, the more energy the building will use. This 
increase resu 1 ts because, duri ng occupancy, more 1 i ghts and off ice equ ipment wi 11 
be on and more fresh air will be needed for ventilation. 

12. A building furnished with a single-zone system (V900) uses less energy, on average, 
than does a building with system 2.24 (V901), yet uses more than other systems. 

13. Increasing the glass area per square meter of floor area (V224) uses more energy. 

14. A building having a larger glass factor (V220) uses less energy. The glass factor 
(the glass area on the sunny exposure of a building) is defined by using a weighted 
average of 0.5 for the east and west glass and a factor of 1.0 for the south glass. 
It is believed that the variable glass factor will have a great impact on energy 
consumption if a building is designed with a passive energy concept. The 
observation in this study, however, indicates that because most buildings have 
minimal utilization of the southern glass exposure, glass factor is less 
significant. 

It is essential to realize that factors not included in the previous discussion can be 
very important in calculating energy consumption in a bui lding. They are however, not 
significant in explaining consumption variations from building to building because: (l) 
these factor variations are insignificant, (2) such factors vary greatly from building 
to building but their impact on energy consumption is closely related to other factor.s, 
and (3) their degree of impact on energy consumpt ion varies from bui lding to bui lding 
and if so, 1 arge standard error in energy pred ic t i on will occur. In regress ion 
analysis, they are included as constant and would not be selected as important. One 
example is lighting watts per square meter (V203), vety important in enetgy simulation 
programs. It was included as part of a constant rather than as a variable in the final 
regression· model because the variation it creates (total energy impact) from building to 
building is negligible. 

CONCLUSION 

This study demonstrates the use of statistical analysis to identify major 
contributors to energy consumption variation. This approach allows the investigatot to 
examine the impact of factors and compate them between bui ldings. Such work differs 
from performing an analysis for a particular building; such an analysis can obtain only 
the energy contribution of its own factots within the building. The major factors 
identified from this analysis applied to all buildings from the data set. They have 
been used for construction of an energy ptediction model. With this approach, energy 
consumption in any building can be estimated based on only the majot factors used in the 
model. All other factors, excluded in the model in this study, account for only less 
than 7% of the variation; thus, more than 93% is accounted for by 10 major factors. 
Since these 10 factots created most of the consumption differences among buildings, they 
should be used as variables in programs for reducing energy use. They should be studied 
in more detail for an inclusion in enetgy-budget and energy-design guidelines. The 
energy prediction model and early part of the analysis shows clearly that the impact of 
envelope variables is much less than that of other factors. It must be noted that the 
promi sing resu it of thi s approach relies on two issues: (1) the mode 1 mus t be updated 
whenever new technologies are implemented in buildings, and (2) the application of this 
approach is limited to use with buildings subject to similar climatic conditions and of 
analogous deSign and construction. Because of the stated constraints, cate should be 
taken in using the results of this study for building conditions not covered in the data 
set used. 
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